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(57) ABSTRACT

A technique, including a system and a method, for measuring
a fluid property using a piezo-actuated fluid dispenser, is
disclosed. The technique includes generating a pressure wave
in a channel in the piezo-actuated fluid dispenser using a
piezo element, detecting, using the piezo element, a residual
pressure oscillation in the channel caused by the generating,
obtaining a resonance frequency of the pressure oscillation,
and determining, using the resonance frequency, the fluid

property.

12 Claims, 6 Drawing Sheets
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1
PIEZO ACTUATED FLUID DISPENSER FLUID
CHARACTERIZATION

FIELD OF THE INVENTION

This invention relates generally to determining informa-
tion about fluids used in piezo-actuated fluid dispensers, e.g.,
piezo inkjet printheads.

BACKGROUND OF THE INVENTION

Piezo-actuated fluid dispensers can be used for a variety of
purposes, not limited to creating documents. To operate effec-
tively, piezo-actuated fluid dispensers can be tuned according
to certain properties of the fluids that they deploy.

SUMMARY

A technique, including a system and a method, for mea-
suring a fluid property using a piezo-actuated fluid dispenser,
is disclosed. The technique includes generating a pressure
wave in a channel in the piezo-actuated fluid dispenser using
apiezo element, detecting, using the piezo element, a residual
pressure oscillation in the channel caused by the generating,
obtaining a resonance frequency of the pressure oscillation,
and determining, using the resonance frequency, the fluid
property.

Various optional features of the above technique include
the following. The fluid property can be viscosity or speed of
sound. Where the property is speed of sound, the technique
can include multiplying the resonance frequency by a con-
stant dependent on properties of the channel. Where the prop-
erty is speed of sound, the technique can include: generating
a plurality of pressure waves in the channel in the piezo-
actuated fluid dispenser using the piezo element, such that
each of the plurality of pressure waves has a different dwell
time, determining a period of oscillation at a power spectrum
amplitude at the resonance frequency, and determining the
speed of sound as a function of the period of oscillation.
Where the property is viscosity, the technique can include:
calculating a width of a resonance peak in a power spectrum
of'the residual pressure oscillation, and determining, based on
the width, the viscosity. The width can be full width at half
maximum, variance, or standard deviation. The technique can
include adjusting at least one of fluid temperature and pres-
sure waveform based on the fluid property. The technique can
include obtaining calibration information based on a calibra-
tion fluid. Where the property is viscosity, the technique can
include obtaining a fluid density parameter. Obtaining the
fluid density parameter can include accessing a stored lookup
table of fluid densities.

BRIEF DESCRIPTION OF THE DRAWINGS

Various features of the embodiments can be more fully
appreciated, as the same become better understood with ref-
erence to the following detailed description of the embodi-
ments when considered in connection with the accompanying
figures, in which:

FIGS. 1A and 1B are schematic diagrams of single units of
piezo-actuated fluid dispensers according to various embodi-
ments;

FIG. 2 is a schematic diagram of an example piezo-actu-
ated fluid dispenser self-sensing circuit according to various
embodiments;
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FIG. 3 is a collection of charts depicting piezo inkjet print-
head self-monitoring circuit signal levels and power spectra
for three different piezo inkjet printheads according to vari-
ous embodiments;

FIG. 4 is a chart of resonance frequency amplitude oscil-
lations for various example inks according to various embodi-
ments;

FIG. 5 is a chart depicting an example master curve for a
viscosity calculation according to various embodiments; and

FIG. 6 is a flowchart depicting an example process accord-
ing to various embodiments.

DESCRIPTION OF THE EMBODIMENTS

Reference will now be made in detail to the present
embodiments (example embodiments) of the invention,
which are illustrated in the accompanying drawings. Wher-
ever possible, the same reference numbers will be used
throughout the drawings to refer to the same or like parts. In
the following description, reference is made to the accompa-
nying drawings that form a part thereof, and in which is
shown by way of illustration specific exemplary embodi-
ments in which the invention may be practiced. These
embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention and it is to be
understood that other embodiments may be utilized and that
changes may be made without departing from the scope ofthe
invention. The following description is, therefore, merely
exemplary.

Piezo-actuated fluid dispenser technology can be used to
print documents, but is by no means limited to such use. In
general, piezo-actuated fluid dispenser technology can be
used for additive manufacturing. For example, piezo-actuated
fluid dispensers can apply many different fluid materials, not
limited to ink, to a variety of substrates. Example fields of
application include biology, medicine, printed electronics
(e.g., organic printed electronics), photovoltaics, and 3D
printing. Accordingly, throughout this disclosure, the term
“ink” includes inks used in typical inkjet printing technolo-
gies, as well as any fluid that can be used in piezo-actuated
fluid dispensers for any application.

Performance of piezo-actuated fluid dispensers depends in
part on certain ink properties, such as speed of sound within
the ink and ink viscosity. In particular, tuning parameters of
piezo-actuated fluid dispensers (e.g., temperature, jetting
waveform frequency, jetting waveform dwell time) depends
on at least ink speed of sound and viscosity. Thus, measuring
ink speed of sound and ink viscosity is helpful for improving
and optimizing piezo-actuated fluid dispenser operation.
However, it is neither time-efficient nor cost-effective to mea-
sure every ink using conventional analytic apparatuses, par-
ticularly in situations where many inks need to be evaluated.
Although certain viscosities can be measured using a rheom-
eter, the highest oscillation frequency of a typical rheometer
is in the order of 100 Hz, far below typical piezo-actuated
fluid dispenser jetting frequencies. Adding to the difficulties
of measuring ink viscosities, viscosities of non-newtonian
fluids, such as some inks, can change with shear rate. Further,
measuring ink speed of sound presents its own challenges due
to the lack of convenient ubiquitous analytical measurement
apparatuses.

Various embodiments measure speed of sound in ink and
ink viscosity using piezo-actuated fluid dispenser self-sens-
ing circuitry. Embodiments can be used by, for example, ink
formulators and end users, e.g., in biological applications of
piezo-actuated fluid dispenser technologies.
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FIGS. 1A and 1B are schematic diagrams of single units of
piezo-actuated fluid dispensers according to various embodi-
ments. The dispenser includes channel 102, which contains
the ink. Piezo element 106 acts as an actuator. Specifically,
piezo element 106 deflects when a voltage is applied accord-
ing to, for example, the following equation.

ol ]

In Equation (1), y represents a displacement amount with
force F caused by application of voltage V and charge Q to a
piezo element having capacitance C, stiffness k, and a piezo
charge constant of d. Application of voltage waveform 104 to
piezo element 106 thus generates pressure wave 108 in ink
channel 102. Pressure wave 108, in turn, may cause the piezo-
actuated fluid dispenser to eject ink droplets 110 from nozzle
112.

Pressure wave 108 will, in general, keep oscillating in
channel 102 after voltage waveform 104 is removed. This
residual oscillation will eventually be damped out by fluid
viscosity and channel structure (e.g., the walls of channel 102
not being perfectly elastic). Note that an amplitude of voltage
waveform 104 may have an amplitude insufficient to cause
ejection of ink droplets 110 from nozzle 112, yet still be
sufficient to generate residual oscillations in channel 102.

Note that Equation (1) characterizes both displacement
caused by applied voltage and generated voltage caused by
mechanically induced displacement. That is, mechanically
displacing a piezo element having capacitance C, stiffness k,
and a piezo charge constant of d by a distance of y using force
F will produce a charge Q at voltage V as described by
Equation (1). Thus, as discussed below in reference to FI1G. 2,
piezo element 106 can be used to sense the residual oscillation
in channel 102 after application of voltage waveform 104.
The self-sensing signal is proportional to the total pressure on
the surface of piezo element 106 caused by the residual oscil-
lation.

FIG. 2 is a schematic diagram of an example piezo-actu-
ated fluid dispenser self-sensing circuit according to various
embodiments. Note that the self-sensing circuit depicted in
FIG. 2 is exemplary only; many other self-sensing circuits can
be used in the alternative. As such, the particular circuit of
FIG. 2 is non-limiting. As depicted in FIG. 2, the self-sensing
circuit includes piezo element 202, which can be disposed on
a piezo-actuated fluid dispenser. Piezo element 102 is elec-
trically coupled to switch 204, which can be, for example, an
electronically controllable solid state device. Switch 204 can
electrically couple piezo element 202 to amplifier 206, which
can convey to piezo element 202 electrical drive waveform
208. After coupling drive waveform 208 to piezo element
202, switch 204 can operate to electrically disengage piezo
element 202 from amplifier 206 and electrically couple piezo
element 202 to resistor 210. Self-sensing signal 212 (e.g.,
voltage) is then present across resistor 210.

Switch 204 can have a switching speed on the order of tens
of nanoseconds, for example. Residual oscillations can per-
sist on the order of tens of microseconds. Thus, switch 204
can disengage piezo element 202 from drive waveform 208
and engage resistor 210 such that self-sensing signal 212 can
capture essentially all of the residual waveforms appearing in
an associated ink channel.

FIG. 3 is a collection of charts depicting piezo inkjet print-
head self-monitoring circuit signal levels and power spectra
for three different piezo inkjet printheads according to vari-
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ous embodiments. The charts do not depict the initial pressure
wave, which generally starts at t=0. Rather, the charts depict
only the resulting residual oscillations. Thus, chart 302
depicts a self-sensing signal in a first example piezo inkjet
printhead using a first example ink. The signal of chart 302
oscillates for approximately 40 micro-seconds. Chart 308
represents a power spectra corresponding to the self-sensing
signal of chart 302. In particular, chart 308 depicts a resonant
frequency of approximately 165 kHz. Chart 304 depicts a
self-sensing signal in a second example piezo inkjet printhead
using a second example ink. The signal of chart 304 oscillates
for approximately 40 micro-seconds. Chart 310 represents a
power spectra corresponding to the self-sensing signal of
chart 304. In particular, chart 310 depicts a resonant fre-
quency of approximately 220 kHz. Chart 306 depicts a self-
sensing signal in a third example piezo inkjet printhead using
a third example ink. The signal of chart 306 oscillates for
approximately 40 micro-seconds. Chart 312 represents a
power spectra corresponding to the self-sensing signal of
chart 306. In particular, chart 312 depicts a resonant fre-
quency of approximately 215 kHz.

The power spectra of charts 308, 310, and 312 can be
obtained using known techniques, e.g., fast Fourier trans-
forms, applied to the signals of charts 302, 304, and 306,
respectively. Once power spectra are obtained, known tech-
niques, e.g., peak detection, can be used to identify resonant
frequencies. (One or more resonant frequencies can be
detected; in such cases, some embodiments utilize a reso-
nance frequency with a highest amplitude.) The techniques
discussed in this paragraph can be implemented using, for
example, hardware, software, or combinations thereof.

Certain embodiments obtain resonant frequencies of self-
sensing signals of piezo-actuated fluid dispensers, as dis-
cussed above, and utilize the resonant frequencies to calculate
speed of sound in the respective ink. A relationship between
speed of sound and resonant frequency can be expressed
according to, for example, Equation (2) below.

f=ac

@

In Equation (2) above, frepresents a resonant frequency (e.g.,
having a greatest amplitude) of a self-sensing signal of a
piezo-actuated fluid dispenser containing an example ink, ¢
represents a speed of sound in the example ink, and a repre-
sents a constant that depends only on the physical properties
(e.g., physical configuration and temperature) of the channel
of'the piezo-actuated fluid dispenser. Once the parameter a. is
determined for a given piezo-actuated fluid dispenser and a
given ink, the speed of sound for different inks can be calcu-
lated for different inks using Equation (2) and self-sensing
signal data obtained from the piezo-actuated fluid dispenser.

Thus, some embodiments obtain and store the parameter a
for later use in calculating a speed of sound. (Some embodi-
ments obtain and store a plurality of values for a, each cor-
responding to a different temperature.) This can occur in a
factory setting, in an end-user setting, or in a different setting.
To calculate o (at a particular temperature and for a particular
piezo-actuated fluid dispenser), a fluid with a known speed of
sound can be used (referred to herein as a “calibration fluid”).
Such calibration fluids include, for example, water, water and
glycerol mixes, liquid wax, oil, etc. (For fresh water, a speed
of'sound at 25° C. is approximately 1497 m/s and at 15° C. is
approximately 1466 m/s.) To determine o, an embodiment
determines an operating temperature, retrieves a speed of
sound for the calibration liquid at the operating temperature,
uses the piezo-actuated fluid dispenser self-sensing signal to
determine a value for its resonance frequency, and solves
Equation (2) for a.. Some embodiments store values for o in
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association with temperatures in persistent memory included
in, or attached to, piezo-actuated fluid dispenser.

Some embodiments can determine a speed of sound for an
ink in use with a piezo-actuated fluid dispenser as follows.
The embodiments obtain a self-sensing signal, calculate its
power spectrum or fast Fourier transform, and use it to deter-
mine a resonance frequency. The embodiments then retrieve
(e.g., from an electronic persistent memory) a value for
appropriate for the current operational temperature, then use
Equation (2) to solve for the speed of sound c.

The above technique is but one way to calculate an ink
speed of sound. Another technique for calculating ink speed
of sound is discussed in detail below in reference to FIG. 4.

FIG. 4 is a chart 404 of resonance frequency amplitude
oscillations for various example inks according to various
embodiments. Such resonance frequency amplitude oscilla-
tions can be used to determine speed of sound as discussed
presently. Channel acoustics in a piezo-actuated fluid dis-
penser change with drive waveforms. More specifically, trap-
ezoidal waveforms of different lengths (dwell times) cause
power spectrum amplitudes at the channel resonance fre-
quency to oscillate as a function of dwell time. This, chart 404
depicts power spectra resonance frequency amplitudes for
three example inks as a function of drive waveform dwell
time. For example, for Ink 1, a trapezoidal drive waveform
with zero dwell time corresponds to a power spectrum reso-
nance frequency height of three, whereas a trapezoidal drive
waveform with a dwell time of two micro-seconds corre-
sponds to a power spectrum resonance frequency height of
about 6.8. Notably, the period of oscillation of power spectra
resonance frequencies according to dwell time duration is
inversely proportional to the speed of sound in the ink in use.

Thus, some embodiments determine ink speed of sound
using resonance frequency information as follows. First, such
embodiments use a calibration fluid to determine the propor-
tionality constant for particular temperatures. Such embodi-
ments can store values for such constants in persistent
memory included in or coupled to the piezo-actuated fluid
dispensers. To determine a speed of sound for a new ink, the
embodiments issue a number of trapezoidal drive waveforms
with different dwell times and record the corresponding
power spectrum resonance frequency peak heights. (The
number of such drive waveforms is any number sufficient to
discern a period of resonant frequency peak heights.) The
embodiments then determine a period of oscillation for the
resonant frequency peak heights, retrieve a proportionality
constant for the associated temperature from memory, and
use these parameters in a linear equation determined by the
appropriate proportionality constant to calculate the speed of
sound for the new ink at the operational temperature.

Other techniques for calculating ink speed of sound based
on the resonant frequency of a piezo-actuated fluid dispenser
channel using a piezo self-sensing signal are possible, not
limited to the techniques discussed above in reference to
FIGS. 3 and 4.

A technique for determining ink viscosity using a reso-
nance frequency detected by a self-sensing signal of a piezo-
actuated fluid dispenser is discussed below in reference to
FIG. 5.

FIG. 5 is a chart depicting an example master curve for a
viscosity calculation according to various embodiments. In
general, a self-sensing signal is a collection of under-damped
oscillations. There are two primary sources of damping in a
piezo-actuated fluid dispenser, namely, damping due to fluid
viscosity and damping due to structural inelasticity. Damping
coefficients can be estimated from, e.g., full-width at half-
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6

maximum (“FWHM”) of resonance peaks. An example
expression of this relationship appears below as Equation (3).

®

"
FWHM o @

In Equation (3), FWHM represents the width of a self-sensing
signal power spectrum at resonant frequency at half of its
maximum magnitude, “p” represents ink density, the symbol
“oc” represents proportionality, , represents damping due to
structural inelasticity, and {3, represents damping due to fluid
viscosity. For a given piezo-actuated fluid dispenser, f, is
constant. Accordingly, with Equation (3) it is possible to
construct a known relationship curve between ink viscosity
and the product FWHMxp with a known set of fluids. That is,
given multiple triples (v, FWHM, p) for multiple fluids or
fluid temperatures, where the symbol ‘v represents viscos-
ity, it is possible to construct a map from FWHMxp to fluid
viscosity that applies to an arbitrary fluid. These triples can be
obtained using a calibration fluid or a wax ink with known
properties at multiple temperatures. The Table below repre-
sents a portion of such data.

TABLE
W@ wI1@ wI1@ wi@ WwIi@
100° C. 105° C. 110°C.  115°C.  120°C.
FWHM 13.74 12.15 10.78 9.650  8.680
p 0.82210 0.81905  0.81600  0.81295  0.80990

The above table includes values for FWHM and p for
example wax ink (“WI”) at various temperatures. Properties
for this wax ink are known, such that the corresponding
viscosities for these conditions are also known. From these
parameters, the curve of FIG. 5 can be extrapolated using
known techniques, e.g., least squares.

The curve of FIG. 5 can then be used to obtain viscosity
values for new inks based on FWHM as measured using a
self-sensing signal and based on known densities. Thus, some
embodiments store density values of various inks at various
temperatures, e.g., in persistent memory included in or
coupled to the associated piezo-actuated fluid dispenser. A
user can supply the identify of a given ink to, e.g., a user
interface, and the system can retrieve the associated value for
p. At that point, the system can match the product FWHMxp
to the corresponding viscosity based on the curve of FIG. 5 (or
an analogous curve based on additional or alternative mea-
surements).

FIG. 6 is a flowchart depicting an example process for
determining ink properties using a resonance frequency
detected using a self-sensing signal according to various
embodiments. The process or FIG. 6 can be implemented
using, for example, a piezo-actuated fluid dispenser as
depicted in FIGS. 1 and 2, as well as software, hardware, or a
combination thereof.

At block 602, the system applies a drive waveform to the
piezo element of a piezo-actuated fluid dispenser (e.g., piezo
element 202 of FIG. 2) and generates a pressure wave inside
the channel. The drive waveform can have known parameters
such as amplitude and dwell time. At block 604, the system
detects residual pressure oscillations, e.g., by switching
switch 204 of FIG. 2, to provide a self-sensing signal. At
block 606, the system obtains a resonance frequency of the
residual pressure oscillations using, e.g., a fast Fourier trans-
form.
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Atblock 608, the system determines an ink property using
the resonance frequency as an input to one of the techniques
discussed herein in reference to FIGS. 3-5 to determine speed
of sound and/or viscosity.

Once values for speed or sound and/or ink viscosity are
determined, the system can tune parameters of the piezo-
actuated fluid dispenser (e.g., temperature, jetting waveform
frequency, jetting waveform dwell time) according to known
techniques.

While the invention has been illustrated with respect to one
or more implementations, alterations and/or modifications
can be made to the illustrated examples without departing
from the spirit and scope of the appended claims. In addition,
while a particular feature of the invention may have been
disclosed with respect to only one of several implementa-
tions, such feature may be combined with one or more other
features of the other implementations as may be desired and
advantageous for any given or particular function. Further-
more, to the extent that the terms “including”, “includes”,
“having”, “has”, “with”, or variants thereof are used in either
the detailed description and the claims, such terms are
intended to be inclusive in a manner similar to the term
“comprising.” The term “at least one of” is used to mean one
or more of the listed items can be selected.

Certain embodiments can be performed as a computer
program or set of programs. The computer programs can exist
in a variety of forms both active and inactive. For example, the
computer programs can exist as software program(s) com-
prised of program instructions in source code, object code,
executable code or other formats; firmware program(s), or
hardware description language (HDL) files. Any of the above
can be embodied on a transitory or non-transitory computer
readable medium, which include storage devices and signals,
in compressed or uncompressed form. Exemplary computer
readable storage devices include conventional computer sys-
tem RAM (random access memory), ROM (read-only
memory), EPROM (erasable, programmable ROM),
EEPROM (electrically erasable, programmable ROM), and
magnetic or optical disks or tapes.

While the invention has been described with reference to
the exemplary embodiments thereof, those skilled in the art
will be able to make various modifications to the described
embodiments without departing from the true spirit and
scope. The terms and descriptions used herein are set forth by
way of illustration only and are not meant as limitations. In
particular, although the method has been described by
examples, the steps of the method can be performed in a
different order than illustrated or simultaneously. Those
skilled in the art will recognize that these and other variations
are possible within the spirit and scope as defined in the
following claims and their equivalents.
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What is claimed is:

1. A method of measuring a fluid viscosity using a piezo-
actuated fluid dispenser, the method comprising:

generating a pressure wave in a channel in the piezo-actu-
ated fluid dispenser using a piezo element;

detecting, using the piezo element, a residual pressure
oscillation in the channel caused by the generating;

obtaining a resonance frequency of the residual pressure
oscillation;

calculating a width of a resonance peak at the resonance
frequency in a power spectrum of the residual pressure
oscillation; and

determining, based on the width, the fluid viscosity.

2. The method of claim 1, wherein the width is one of full
width at half maximum, variance, and standard deviation.

3. The method of claim 1, further comprising adjusting at
least one of fluid temperature and pressure waveform based
on the fluid viscosity.

4. The method of claim 1, further comprising obtaining
calibration information based on a calibration fluid.

5. The method of claim 1, further comprising obtaining a
fluid density parameter.

6. The method of claim 5, wherein the obtaining a fluid
density parameter comprises accessing a stored lookup table
of fluid densities.

7. A system for measuring a fluid viscosity comprising:

a piezo-actuated fluid dispenser comprising a channel, the
piezo-actuated fluid dispenser configured to dispense
fluid, the channel configured to contain fluid;

a piezo element configured to generate a pressure wave in
the channel, the piezo element further configured to
provide a signal to a processor indicating a residual
pressure oscillation in the channel;

a processor configured to obtain a resonance frequency of
the pressure oscillation;

a processer configured to calculate a width of a resonance
peak at the resonance frequency in a power spectrum of
the residual pressure oscillation; and

a processor configured to determine, based on the width,
the fluid viscosity.

8. The system of claim 7, wherein the width is one of full

width at half maximum, variance, and standard deviation.

9. The system of claim 7, further comprising a processor
configured to adjust at least one of fluid temperature and
pressure waveform based on the fluid viscosity.

10. The system of claim 7, further comprising a processor
configured to obtain calibration information based on a cali-
bration fluid.

11. The system of claim 7, further comprising a processor
configured to obtain an fluid density parameter.

12. The system of claim 11, further comprising a persistent
memory storing a lookup table of fluid densities.
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